ABSTRACT Physical fatigue is a painful phenomenon which is localised in overstressed muscles. Mental Figure 1 illustrates the external signs of muscular fatigue as they appear in an experiment with an isolated muscle from a frog. The muscle is stimulated electrically, causing it to contract and perform physical work by lifting a weight. After several seconds it is seen that:
Fatigue is a state that is familiar to all of us in everyday life. The term usually denotes a loss of efficiency, and a disinclination for any kind of effort, but it is not a single, definite state. Nor does it become clearer if we define it more closely, as physical fatigue, mental fatigue, and so on. The term fatigue has been used in so many different senses that its applications have become almost chaotic. Nevertheless the common division into physical (or muscular) fatigue and mentalfatigue is a reasonable distinction. The former is an acutely painful phenomenon, which arises in overstressed muscles and is localised there. Mental fatigue, in contrast, is a diffuse sensation which is accompanied by feelings of indolence and disinclination for any kind of activity. These two forms of fatigue arise from completely different physiological processes, and must be discussed separately. Figure 1 illustrates the external signs of muscular fatigue as they appear in an experiment with an isolated muscle from a frog. The muscle is stimulated electrically, causing it to contract and perform physical work by lifting a weight. After several seconds it is seen that:
Muscular fatigue
(1) the height of lift decreases; (2) both contraction and relaxation become slower; (3) the latency (interval between stimulation and beginning of the contraction) becomes longer. muscle from a frog's leg. I = contraction and relaxation of a fresh muscle; II = the same, after moderate stress; III = the same, after heavy stress; IV = the same, after very severe stress.
The performance of the muscle falls off with increasing strain until the stimulus no longer produces a response. Human beings show this process, whether the nerve or muscle is stimulated electrically, or whether the research subject makes voluntary and rhythmical contractions of a muscle over a period. This phenomenon of reduced performance of a muscle after stress is called muscular fatigue in physiology, and is characterised not only by reduced power but also by slower movement. Herein lies the explanation of the impaired co-ordination and increased liability to errors and accidents that accompany muscular fatigue.
contraction, while the muscle is relaxed and resting, the energy reserves are replenished. Thus both energy-releasing breakdown, and energy-restoring synthesis are occurring in a working muscle. If the demand for energy exceeds the powers of regeneration, the metabolic balance is upset, resulting in a loss of muscular performance. After a muscle has been heavily stressed its energy reserves (sugar and phosphorus compound) are depleted, while waste products multiply, the most important of these being lactic acid and carbon dioxide. The muscular tissue becomes more acid. ELECTROPHYSIOLOGICAL PHENOMENA There are many references in the literature to the fact that, even after a muscle has been exhausted by repeated voluntary contractions, it will still respond to an electrical stimulus applied through the skin, suggesting that this form of fatigue is a phenomenon of the central nervous system, not of the muscle itself. This interpretation cannot, however, be confirmed in every case. Many physiologists have observed that, when the muscle itself is in an exhausted state, it does not contract any more, even though further motor nerve impulses are visible on the electromyogram. It seems that fatigue has now become a peripheral phenomenon affecting the muscle fibres, as Scherrer (1967) suggests. We must assume that one group of observers was looking for the first sign of fatigue, whereas the other group was studying muscles that were already in a state of exhaustion.
ELECTROMYOGRAMS OF FATIGUED MUSCLE
Comparing all the experimental results, we are led to the assumption that the central nervous system acts as a compensatory mechanism during the early stages of fatigue. Thus many electromyographic studies have shown that, when a muscle is repeatedly stimulated, its electrical activity increases even though its contractions remain at the same level, or decline. This must mean that more and more of its individual fibres are being stimulated into action (recruiting of motor units). The electromyogram in Figure 2 demonstrates this increasing electrical activity as fatigue increases.
These electromyographic phenomena have also been observed under practical conditions. For example, after periods of 60-80 minutes perforating punched cards, increased electrical activity was recorded in the muscles of forearms and shoulders of the subjects involved (Yllo, 1962 Figure 4 .
Relation to the autonomic nervous system
We now know that there are close links between the vegetative (autonomic) nervous system, which controls the activities of the internal organs, and these activating and inhibitory systems. In fact any increase in stimulation of the reticular activating system is accompanied by a series of changes in the internal organs, including an increase in heart rate, a rise in blood pressure, release of more sugar by the liver, and increased metabolism. By an analogous process, increased activity of the inhibitory system lowers the heart rate and blood pressure, cuts back respiration and metabolism, and relaxes the muscles, while the digestive system works more vigorously to assimilate more energy.
HORMONAL INFLUENCES
In addition to these purely nervous mechanisms there are also the effects of hormones, which have a part to play in tuning-up the activating system, as well as regulating the sensitivity of the limbic system.
Great importance must be given to the performance hormone adrenaline, which raises the degree of alertness and of the activation level of the body. Bonvallet et al. (1954) deduced what we now know, that every time the activation level is raised by stimuli from outside the body there is a release of adrenaline which, in turn, stimulates activity of the reticular formation. The increased activity from outside stimuli would soon fade away if this hormone did not intervene to maintain it. On this theory, the reticular activating system is responsible for short-term reactions, while effects of longer duration depend upon the action of adrenaline.
It seems, therefore, that the level of activity of the reticular activating system depends upon:
(1) the inflow of sensory stimuli; (2) the stimulation of the cerebral cortex; (3) the level of adrenaline.
Much less is known about how the inhibitory system comes under nervous and hormonal control.
Nervous mechanisms are poorly understood, and the existence of hormonal factors has been theoretically assumed for many years. The protracted inhibition that occurs during sleep can hardly be represented as a purely nervous mechanism. Moreover, the fact that feelings of weariness disappear after a period of sleep is another reason for supposing that both the onset and the continuance of inhibition have a chemical basis.
A few research projects (Legendre and Pieron, 1913; Pappenheimer et al., 1967) We know from everyday experience that fatigue has many different causes, the most important of which can be seen in Figure 6 . This shows the degree of fatigue as an aggregate of all the different stresses of the day, in the form of a barrel partly filled with water; the recuperative rest periods would be the outflow from the barrel. To make sure that the barrel does not overflow we must ensure that inflow and outflow are of the same order of magnitude. In other words, to maintain health and efficiency the recuperative processes must cancel out the stresses.
Recuperation takes place mainly during night- Fig. 6 Theoretical diagram of the combined effect of everyday causes offatigue, and the recuperation necessary to offset them. The total stresses must be balanced by the total recuperation, within the 24-hour cycle.
time sleep, but free periods during the day, and all kinds of pauses during work, also make their contribution. It must be emphasised that stress and recuperation must balance over the 24-hour cycle, and that neither of these should be carried over to the next day. If rest is unavoidably postponed until the following evening this can be done only at the expense of wellbeing and efficiency.
Fatigue symptoms are both subjective and objective, the most important being:
(1) subjective feelings of weariness, somnolence, faintness and distaste for work; (2) sluggish thinking; (3) reduced alertness; (4) poor, slow perception; (5) unwillingness to work; (6) decline in both bodily and mental performance. Some of these symptoms result in a measurable drop in bodily and mental efficiency. (1) quality and quantity of work performed; (2) recording of subjective impressions of fatigue; Barmack (1939) , Haider (1962) , and Groll and Haider (1965) successfully used questionnaires of this type under industrial conditions. Other authors have suggested more complicated questionnaires, among them the comparison process of Pearson and Byars (1956) , and the very comprehensive questionnaire used by Nitsch (1970) .
The electroencephalograph The electroencephalograph is particularly suitable for standardised research in the laboratory, where variations in the trace in the sense of increasing synchronisation (increase of a and 6 rhythms, reduction of fi waves) are interpreted as indicating states of weariness and sleepiness (see Fig. 3 ). The techniques of detecting and recording have been improved recently, so that the electroencephalograph can now also be used successfully to monitor sedentary activities, such as driving a vehicle (O'Hanlon et al., 1975; Zeier and Battig, 1977) .
Flicker-fusion frequency of the eye During the last 25 years the flicker-fusion frequency of the eye has been increasingly used as an indication of the degree of fatigue, as follows. The research subject is exposed to a flickering lamp, and its frequency is increased until the flickers appear to fuse into a continuous light. The frequency at which this occurs is called the subjectiveflicker-fusion frequency.
Some changes in the procedure have been proposed recently. With the improvements in technique it is possible, on the one hand, to reduce the spread of the measurements and, on the other, to make fairly sure that the research subjects are not being influenced by the investigator (Gierer et al., 1979 Welford (1968) . In tests like these, too, it is assumed that a falling-off of performance can be taken as a sign of a state of fatigue.
A disadvantage of psychomotor tests is that often the test itself makes heavy demands on the subject, thereby raising the level of cerebral activity. As previously discussed, it is very likely that such tests will cause some kind of cerebral activity, which may at least temporarily mask any possible signs of fatigue.
Mental tests Performance of mental tests often involves arithmetical sums, tests of concentration (such as crossingout tests), estimation tests (such as estimation of time intervals), and memory tests. As in psychomotor tests, the test itself may excite interest in the person being examined, and so cancel out any signs of fatigue. Other confusing factors are the effects of training and experience, and, if the test is protracted, fatigue brought on by the test itself.
Field studies on mental fatigue
In recent decades more and more use has been made of fatigue studies carried out under industrial conditions, in traffic, in schools, and in various other everyday situations. As a rule their significance is limited to a particular problem in a particular setting, and very little can be deduced from them that is of wider application, or which would lead to generalisations about the relationship between stress and fatigue.
MENTAL FATIGUE AND BOREDOM
In field studies many authors do not distinguish between fatigue and boredom. They consider boredom to be a special type of fatigue because, in fact, boredom is certainly also caused by a reduction of the activation level of the brain.
It has been shown that a stream of impulses from the sensory organs, combined with feedback to the cerebral cortex, stimulate the reticular activating system, and that by this means the reactivity of the CNS (and hence of the whole body) is maintained in a high state of readiness.
When stimuli are few, the stream of sensory impulses dries up, bringing about a reduction in the level of activation of the cerebrum, and thereby of the functional state of the body as a whole (Fig. 5) .
The physiological aspects of boredom may therefore be summarised as follows: situations which are characterised by a low level of stimulation, or by a regular repetition of identical stimuli, or just by making few mental or physical demands upon the operator, lead to a functional state of the central nervous system characterised by a reduction in the level of cerebral activation and accompanied by feelings of weariness and sleepiness, decreased vigilance, disinclination for the task and decline in alertness.
It is obvious that these symptoms are nearly the same as those for a state of fatigue. It is therefore understandable if many authors like Hashimoto (1969) make no fundamental distinction between fatigue and boredom, both of these conditions indicating a lowered activation level of the brain.
This concept is especially justified in field studies. Industrial practice is much more complex than a standardised laboratory experiment. In fact, both fatigue and boredom give ise to similar symptoms and the causes cannot be assessed.
Who can say, for example, whether the decline in performance, the rise in a waves in the brain, and the tired feelings of truck drivers are signs of a fatigue state, or the effects of boredom? Who can say whether the monotonous, repetitive job of the bottle-watchers is just boring, or whether excessive demands on their vigilance are actually fatiguing? There are many examples of this kind, which show that situations often arise, both in industrial practice and in traffic conditions, which can be simultaneously boring and fatiguing. In such cases the distinction between these two states is purely arbitrary, and the most credible research is that which makes no attempt to draw one.
Some of the following field studies could be considered to be problems of fatigue as well as problems of boredom.
A STUDY ON A PRODUCTION LINE In 1961, Haider studied fatigue among 337 female workers in textile factories, 207 of whom worked on a moving production line, while the other 130 worked individually. He assessed the subjective feelings of these workers by using a self-assessment card, with 12 pairs of contrasting states. Comparison of the two groups gave, on average, the following differences. The production line workers were more tense, bored and dreamy than those who worked at their own speed. Haider (1961) writes of these: 'finally we may conclude that when the occupation is a long succession of simple, repetitive acts, we may expect to see 'saturation phenomena', with increasing tension, restlessness, lack of incentive, and a declining performance of the boring work'. In fact, the percentage of discontented and tense workers on the production line was as high as 20-25 %. Haider (1963) also studied the actual physiological symptoms of boredom and fatigue among a selection of electronic workers, who were engaged in work that was both monotonous and time-linked. During their work these women were subjected to light signals, which appeared at irregular intervals on the protective shield of their machine. Each time they noticed a flash of light they were required to press a pedal, and in this way it was possible to monitor their level of alertness throughout the day, as well as their speed of response. The author found that the alertness of the 29 women workers declined during the working period, and their reaction time increased. Figure 7 shows part of these results. After Haider (1963) .
In the course of a working shift the women workers missed more and more signals, as well as taking longer to react to the ones they did notice. It seems fair to assume that this decline in performance is a result of the monotonous, repetitive nature of the job. Pin (1966) , as well as Lecret and others (1968) , observed a progressive increase of the a waves in the electroencephalograms of drivers of motor vehicles, with a simultaneous increase in the rate of blinking, and a fall in heart rate.
Harris and others (1972) report that, after a few hours at the wheel, the performance of drivers of buses and of heavy lorries became distinctly poorer, especially their judgement of the edge of the road, and the necessary number of corrective movements of the steering wheel. Simultaneously, the variability of heart rate and a feeling of fatigue both increased, which the authors interpreted as signs of a fall in the level of cerebral activation.
This confirms the results of O'Hanlon (1971) , who found a distinctly higher heart-rate variability among drivers of motor vehicles after long test-drives. O'Hanlon interpreted the observed rise in variability as a sign of diminished alertness. Furthermore, the variability reverted to the normal value after a stop for rest, or after a street incident.
All these studies of driving fatigue may be summarised as follows. The first signs of fatigue appear after only a few hours' driving, and comprise diminished accuracy of driving, accompanied by a fall in the activation levels of the CNS (fall in heart rate, with greater heart-rate variability), a rise in the a waves of the EEG, and more frequent blinking. The fall in activation level is accompanied by reduced alertness, sufficient to increase significantly the risk of accidents. This fall in activation level is especially marked in motorway driving, and at night. The degree of driving fatigue is determined by the combined effect of several factors, the most important of these being the extent and duration of mental stress, boredom, and circadian (day-night) rhythm.
AIR-TRAFFIC CONTROLLERS
We had the opportunity to carry out a large-scale study (Grandjean, 1970; ) of the air-traffic controllers at Zurich airport. The studies comprised an analysis of the work involved, measurements of indicators of fatigue, and an interrogation.
One group of air-traffic controllers spend their time watching the movements of aircraft on a radar screen, while at the same time they exchange information and instructions on the radio transmitter with the pilots and with other members of the control organisation.
Work analysis shows that a controller concentrates his attention on the radar screen for a total of 3-5 h/day, and that he passes on about 800 Grandjean (1970) , , and . until 10 hours of work, when the drop totalled 2-3 Hz. The psychomotor performance in tapping and pricking tests followed a similar course. All three psychomotor tests showed a moderate fall in the first six working hours, but after the seventh hour the drop became much steeper.
The sequence of subjective impressions shows first a gradual shift towards disinclination for action. The middle line (line 4) of the ordinate of Fig. 9 represents a neutral level between the two extremes of feeling, and all five of the emotional states are in this vicinity between the fourth and the seventh working hours (abscissa of graph). From then onwards the decline is particularly striking in the direction of sleepy (American Society of Heating, Refrigerating and Air-conditioning Engineers, 1972) and weary (Akerblom, 1948) .
Comparison of the results in the two diagrams shows, therefore, a similar result: during the first 4-7 h there is only a moderate drop in readiness for action and in psychophysiological efficiency; after the seventh hour fatigue increases much more quickly, as shown by both objective and subjective indicators.
These experimental results show that the occupation of air-traffic controller makes heavy demands on sustained alertness, and carries a heavy responsibility.
A comparison between these results for air-traffic controllers, and those for drivers of buses and heavy vehicles, obtained by O'Hanlon (1971), Harris et al. (1972) , and Lecret (1976) shows interesting parallels. Both occupations call for sustained vigilance; in both cases the first signs of reduced efficiency appear after about four hours, and this becomes very marked after seven or eight hours. This decline is a symptom of a fatigue state, which shows itself in both groups as subjective fatigue, a fall in flickerfusion frequency, a decline in psychomotor efficiency and in driving precision, higher heart-rate variability, a fall in heart rate and a rise in the a waves of the EEG. It is difficult to ignore the obvious assumption that all these symptoms are expressions of a decline in the level of activation (arousal) of the central nervous system. One final conclusion is inevitable. Occupations that demand sustained vigilance must be so planned, with working periods and rest periods, that the risk of accidents is not increased through fatigue of the operators. The research work detailed above shows that these conditions are not being fulfilled at present.
